A herd of Norwegian dairy goats was subject to selection for high and low antibody response to diphtheria toxoid for 12 yr, or approximately 5.5 generations because sires were used for one mating season, whereas dams were used several years. The herd comprised approximately 100 milking goats. Only sires were tested and selected, five to seven sires were used in each line each year, and the percentage of male kids used for breeding varied between 15 and 50%. The mean phenotypic values of the lines diverged until the 4th yr, but the lines did not diverge any further. The means of both lines decreased during the experimental period. The restricted maximum likelihood (REML,) estimate of the heritability of the trait in the base population was .19, whereas the realized heritability approached zero in the last six cycles of selection. Using the --estimate of heritability in an individual animal model, the mean breeding values (BLUP) of the lines were significantly different. The difference in mean BLUP values between the lines increased throughout the study. Yet, this increase was only 40% from the 2nd to the 12th yr. No effect of a major gene was observed in a test based on individual BLUP.
Introduction

natural, multideterminant antigens in five
Selection for disease resistance may be a useful tool for improving livestock production. Selection for specific disease resistance has been successful in mice and chickens (Warner et al., 1987) . In the search for a disease resistance marker, antibody response has been considered a possible candidate. The most comprehensive study on selection for immune response so far carried out was that by Biozzi et al. (1979b) . Outbred mouse strains were selected for high and low antibody response to experiments. The selection limit was reached after more than ten generations, and antibody response was controlled by 2 to 18 independent loci. The number of genes controlling the response increased with the dose and complexity of the antigen selected for.
Selection experiments for antibody response have been conducted in guinea pigs, rats, swine, chickens and Japanese quail (Warner et al., 1987) . A pioneer study of selection for antibody response was done by Scheibel (1943) in guinea pigs using diphtheria toxoid, the antigen chosen in the present study.
using-antibody response i s a selection criterion has provided new howledge about the genetics Of immune response* Improving disease resistance by genetic means is particularly interesting in livestock production. Selmtion for immunological marker traits may be an efficient tool for improving disease resistance (van der Zijpp, 1989) . The first step in evaluating a marker trait is to determine the genetic variation and heritability of the trait. Selection experiments provide most information for this purpose.
Genetic variation in the antibody response to diphtheria toxoid in goats was observed in a planning experiment, and preliminary results have been repofled elsewhere (Almlid et al., 1980; Almlid, 1981) . The antibody response to diphtheria toxoid could be suitable as a marker trait for three other reasons: the antigen is not normally present in the livestock environment, it is not harmful, and the antibody response to the antigen is easily measured.
The aim of the present study was to select two divergent lines of Norwegian dairy goats for antibody response to diphtheria toxoid, in order to evaluate this trait as an immunological marker trait. The main goal was to establish whether and to what degree immune response is heritable in goats. If heritable, two lines with (genetically) different specific immune responses were to be established. These lines were to be used to study the connection between different specific immune responses and to clarrfy to what extent this selection would also affect general immunity. This paper presents the genetic parameters for antibody response (heritability, genetic trend, and phenotypic trend) obtained after 12 yr of selection, starting in 1978.
Materlals and Methods
Experimental Animals. Dairy goats from the herd at the Agricultural University of Norway were used. This herd comprised approximately 100 milking goats. The goats were of the Norwegian Landrace breed and were reared as a commercial herd. Before the study started, the animals had been selected for milk taste. Pedigree data for the 12 yr before the star& of the study were available. These data showed that only one known ancestor of the experimental animals contributed more than 2% of the genes in the population. Relationships among animals in the base population were therefore considered negligible. No control line 'koechst AG., Frankfurt, Germany. 'National Institute of Public Health, Oslo, Norway. %igma chemical CO., st. LOU~S, MO.
'National Veterinary Institute, Oslo, Norway.
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was included because of the small size of the experimental herd.
The mean kidding rate was 1.44; kids were born from January through March. Both males and females were mated in their first year. Several other experiments were conducted in the herd in parallel with this study. No male kids participated in any of these experiments before the sires had been selected. None of these experiments included immunization of the following year's dams with antigens applied in the selection experiment. However, the dams were vaccinated 1 mo before kidding with a commercial vaccine, 0vivac4. This vaccine contains toxoids from Clostridium perfringens, Cl. septicum, and C1. tetani, including inactivated Cl. chauvoei cells.
Antigen Administration and Characterization. Three antigens were injected subcutaneously: 93 pg of diphtheria toxoid produced as described by Meyner and Christiansen (1984) ; 50 pg of human serum albumin (HSA)6; and 3 mg of a crude sonicated suspension of Mycobacterium paratuberculosis (PTB)7. The antigens were emulsified in Freund's incomplete adjuvants and injected subcutaneously at six sites; 2 to 3 cm behind each ear, 2 to 3 cm in front of each scapula, and 5 to 8 cm behind the olecranon on each side of the chest wall. The preparation of the antigen mixture was slightly modified during the study, but this had no significant influence on the magnitude of the antibody response (Eide et al., unpublished data) .
A planning experiment concluded that DIF was a convenient antigen for selection. The passive hemagglutination titer 21 d after fiist immunization was chosen as the selection criterion, because a strong sire effect on this immune response was observed (Almlid, 1981) . The antigen is not present in the natural goat population, thus immunization would be the only source of the antigen. No natural infections were assumed to contribute directly to the response measured. The antigen is not considered harmful to the animal. The other antigens (HSA and PTB) injected were also considered innocuous, and HSA was not thought to interfere with the antibody response to DIP. The injection of PTB was done partly because it was a mandatory part of a program for eradicating Johne's disease, and because it would supplement the adjuvant effect of Freund's incomplete adjuvant. The PTB would thus both be an antigen and an adjuvant.
A low dose of DIF was chosen for immunization to create a response to no more than a few epitopes, which presumably would involve only a few immune response gene loci (Biozzi et al., 1979a) . The dose chosen was half the dose given to children in the Norwegian public health vaccination program, and this was considered to be a minimal dose based on dose-response trials in a planning experiment.
Antibody Measurement. Antibody titers were assessed by a passive hemagglutination test using glutaraldehyde as a fixing agent (Avrameas et al., 1969) . The antigen used in the assay was identical with the injected antigen. Sera was diluted in twofold steps, all samples were analyzed in two parallels. End point titers were recorded with the accuracy of .5 dilution steps. Titer values were transformed to log2 values to normalize the distribution. The term titer value will refer to the logztransformed values.
Animals were regarded as responders when their titer values increased by more than 1.0 unit during the 3-wk period after immunization. One unit on this scale is equal to doubling the serum dilution. Animals that showed an antibody response to DIF before the first immunization, probably a response to some unknown crossreacting antigen, were excluded from the study. The specificity of the test was considered high because very few nonimmunized animals in the planning experiment showed any response. Therefore, no control sera were used in the assay. Nonresponders were included in all analyses. They were given a titer value of .75 (i.e., one-fourth of the titer of a serum that is positive only at the initial dilution).
Antibody assays were done once a year after the youngest kids had passed the age of 7 wk. All sera from the first 10 yr were reanalyzed together to check possible variations in the assay method over the years. For comparison, the antibody titers for yr 12 also were analyzed using an ELISA technique for measuring specific goat immunoglobulin G.
Performance Testing and Selection. The kids were immunized when they were 4 wk old. Blood samples for serology were collected on the day of immunization and 21 d later. In some years the animals were immunized a second time at 10 wk of age. In these years, additional blood samples were collected eight times before the kids were 4 mo old (at the time of the first immunization, then at wk 2, wk 3 [selection criterion], wk 4, wk 6 [new immunization], wk 7, wk 8, and wk 9). The weight of animals was recorded at birth, at time of first immunization, and 4 wk later.
After the planning experiments in 1977, all kids, both male and female, were tested for antibody response in 1978. The kids were then placed in the high line or the low line according to their antibody response to DE.
The does were placed in the lines according to the performance of their offspring. Because some twins (or triplets) were placed one in the high line and one in the low according to their performance, not all kids in 1978 were in the same line as their mother (three low line kids and five high line kids). In later years, kids were placed according to the line of their parents.
Only sires were immunized and selected in the years after 1978 to avoid any transfer of maternal immunity that might have interfered with the selection criterion. Sires were used for one breeding season only, but dams could be used for several consecutive years. The average number of kiddings per dam was 2.45. Culling of dams was based on production performance, not on any immunological considerations. Dams were mated with sires within line. Mating plans were designed to keep the inbreeding coefficient as low as possible (i.e., below 10%).
Each year, the five male kids (and two reserves) with the highest titer were selected in the high line and the five (and two) with the lowest titers in the low line. If any of the selected animals were unable to mate, the reserves in their respective lines were used as sires.
After sires had been selected, the inbreeding coefficients of their potential offspring when mated to the females were calculated. Matings that gave the lowest degree of inbreeding were preferred, and matings leading to a high degree of inbreeding were avoided. We also sought to mate all selected males to the same number of females.
Generation numbers (G) for individuals were calculated as G h &~d d = [(Gsh + G&/ 21 + 1. The animals in the base population (1978) all had Gbavidd = 0.
Genetic Analyses. The effect of selection was analyzed in two ways, by calculating the realized heritability and by using mixed model procedures.
Realized heritability (h2) was estimated for each year by dividing the selection response by the cumulative selection differential. Selection response was the difference between the mean phenotypic value for the lines each year (Pevzner et al., 1981) . The selection differential was calculated for each year ( H i l l , 1972).
Individual selection differentials were calculated as the absolute differences between the line mean titer and the titers of each selected sire. The effective selection differential was calculated as the individual selection differential weighted for the number of male offspring (Falconer, 1989) . The selection differentials and effective selection differentials were summed for both lines and then cumulated over years. No correction was made for any fixed effects.
In the mixed model procedures, the additive genetical ties that exist between the animals are taken into account. The following individual animal model was used:
where DIFi = the phenotypic titer value for kid i for DIF, 620 male kids were included in the study; bj(i) = the j* level of the fixed effect of year (1978 to 1989; j = 1,. . . , 12), any animal i only experienced one level j of the fied effect, the i and j are not crossclassified; ai = the additive genetic effect of animal i (i = 1,. . . , 1,267), including both the tested (male) kids and tested and nontested progenitors, and the ai were assumed to be random effects correlated according to additive genetic relationship; and ei = the random error term for animal i, assumed to be uncorrelated with other error terms.
Restricted maximum likelihood was found by a "Derivation Free" (DFREML) approach (Graser et al., 1987) . using a program kindly provided by Karin Meyer, Inst. of Animal Genetics, Edinburgh University (Meyer, 1988) . This technique was used to estimate variance components (i.e., the additive genetic variance of the base population and the error variance) and estimates of the fixed effect of the model used. Heritability (h2) is a simple function of the variance components. The animals that were in the herd in the 1st yr were used as the base population, although relationship information was available for the 10 previous years. The animals in yr 2 and 3 were also used as based population in two DFREML analyses, to be related to realized heritabilities. Different fixed effects were used in the DFREML model to try to evaluate whether the h2 estimates differed within the selected limes, or whether month of the year, age of dam, or weight contributed to environmental variation. However, none of these effects changed h2 estimates, and they were excluded from the model.
Best linear unbiased prediction was used for predicting breeding values, or BLUP (Henderson, 1977), using a computer program adapted by Klemetsdal(l987). This prediction requires the input of an h2 estimate; h2 = .19 (from DFREML) was used.
As a second way to find the realized heritability, individual BLUP were used in the following regression model:
where BVi = individual breeding values for male kids, p = the population mean, Yi = the year, b = the regression coefficient and ei = the residual. The base population @.e., yr 1) was excluded from this model. Individual BLUP were also used to calculate symmetric major gene indices (MGI), which, according to Famula (1986) , could be used as indicators for single genes with large effects. These indices are based upon calculation of the absolute deviation of the offspring genetic value from the midparent average genetic value. The following formula used was: 
Results
Antibody Response. Neither of the lines in the base population included more than a few nonresponders. The number of nonresponders increased in subsequent years ( Table 1 ). The titer means and variance also decreased in both lines. However, there were fluctuations in mean titer from year to year in the last years of selection.
When the mean titer was low, the antibody assay was no longer sensitive enough to detect differences between animals in the lower titer range. Passive hemagglutination was used throughout the study because it originally defied the selection criterion. When sera from all years were reanalyzed at the end of the study, the titers determined correlated well with the previously obtained values (r = .79).
Response to Selection. Because dams were used for several years, the mean generation number after 12 yr of selection was 5.48 ( Figure la) . The mean phenotypic values for each line diverged in the fist years of the study, the distance between the lines decreased in succeeding years (Figure lb) . However, in yr 9 and 11, there was a stronger response to selection as shown by the increased distance between the line means these years.
Because the selection response declined and the selection differential remained high, the realized h2 (Table 2 ) approached zero as selection continued. Realized h2 in the first selection cycle was .19, but it approached zero in the later cycles.
Estimates of h2 in the base population (yr 1) using DFREML on data from all years were close to the realized h2 after one selection cycle (h2 = ~9 ) .
when the animals in yr 2 or yr 3 were used as the base population for the REML estimates, results were also close to the realized h2 for the respective years (h2 = .09 and h2 = .lo, respectively).
The mean BLUP values, or breeding values, for the animals in the study were predicted using h2 = .19. The mean breeding values for the lines suggest that the genetic difference between the lines was established early in the study ( Figure IC) . From yr 2 to 12 the difference between the lines was established early in the study ( Figure IC) . From yr 2 to 12 the difference between the established mean breeding values for the lines increased by 48%. The regression of individual BLUP values on these years (2 to 12) within each line revealed a significant genetic trend, although regression coefficients were small (high line = .W, low line = -.010). These coefficients were significantly different from zero (P < .OOO4). thus the slopes were not equal.
Phenotypic ranking of male kids before selection was compared to ranking for the breeding values (BLUP) calculated in retrospect. Between two and six of the 10 selected sires each year would have been selected if breeding values had been used as selection criterion.
Antibody titers in serum sampled from the kids later in life suggests that the low response in these years was due to a slow rather than a weak response. In yr 1 through 5 and yr 9, all male kids were immunized twice; antibody titers were measured eight times during the 9 wk following primary immunization. Figure 2 shows that the difference between the lines was present in yr 9 even after a secondary immunization, which was not so in the previous years.
The variation of the average major gene indices was within a range that did not support a hypothesis of a major gene involved in the selection response. For k = .5, the MGI was .72, and the MGI(k) decreased with increasing values of k Calculating MGI(k) for different subsets of data (excluding data from the early and[orJ late years), all MGI(k) were below 1.0. 'h2 = Realized heritability; RJCS.
Discussion
After 12 yr of selection, or 5.5 generations, we have established a high and a low responder line to DIF. The selection did not reveal any increasing phenotypic divergence between the lines after 4 yr of selection. However, the breeding values show that genetic differences between the lines increased significantly even after yr 4.
A difference between the lines was established in the 1st yr by grouping dams according to the performance of their kids that year. The selection response observed in 1979 is, therefore, a result both of the selection of sires among the male kids born in 1978 and the grouping of the dams. Any increase in the selection response after 1979 should only be the result of selection of males. Initially, the selection response was high. It declined after a few years and then fluctuated from year to year. Selection for antibody response in guinea pigs was also shown to have a high degree of fluctuation in mean antibody titer from generation to generation (Ibanez et al., 1980) . Environmental changes seem to influence the response to selection for immune parameters. The long generation interval in farm animals also should be considered, because this means that animals in each selection cycle are raised under different environmental conditions.
Variation in climate and housing could be one explanation of the effect of year in the present study. Effects of stressors, such as chilling and overheating, have been shown to alter the antibody production in chickens selected for antibody response (Gross and Siegel, 1988) . Animals were tested when the winter climate was likely to cause fluctuations in housing temperature and humidity. This also may have affected the degree of infection pressure from environmental pathogens, which in turn may have influenced the general ability to mount an antibody response. Management conditions (degree of crowding, availability of water and feed, and the building of a new stable) varied during the experiment; all stressors that have been shown to influence the antibody response in mammals and chickens (Kelley, 1980) .
The reduction in mean titer seen in both lines is similar to Biozzi's findings in mice. Antibody response to sheep red blood cells decreased in both lines until the sixth generation, which was explained by a suppressive effect of maternal antibodies. In the present study, specific maternally transferred immunity is excluded. An unexplained reduction in the difference between the lines has also been seen in other selection experiments for antibody response (e.g., in pigs Wiusslich et al., 19831 and in Japanese quail Fakahashi et al., 19841) .
Inbreeding depression could be suspected when selection is conducted in a small herd In the present study, the inbreeding coefficient was always below 9%. decline during the study (Eide et al., unpublished data) . The present selection experiment took place over 5.5 generations. This might not have been enough to establish stable high and low responder lines. Experiments in mice (Biozzi et al., 1979b) , guinea pigs (Ibanez et al., 1980) , and chickens (Pitcovski et al., 1988) showed that the divergence between the lines was in fact small after the first few generations. In these experiments the difference between the lines then increased in succeeding generations. Biozzi's mice lines did not diverge before the fifth generation, then the difference between the lines increased until the selection limit was reached.
In some years the number of nonresponders was high. This was not due to changes in analytical or immunization procedure from year to year. The small phenotypic variance found in several years must mainly be explained by the fact that our antibody assay was not sensitive enough to detect differences between animals when the average titer level decreased. The decrease in selection response and h2, thus, may be related to the problem of scale of measurement. A more sensitive assay (e.g., ELISA) would remove this problem, but we could not change the selection criterion during this experiment. A repeated analysis of the sera from yr 12 by ELISA showed that animals with no response in passive hemagglutination could be ranked by the use of this more sensitive method. Classical analysis of this experiment r e vealed a minimal response to selection. However, there were severe limitations to the estimation of realized h2. These limitations are caused by certain features of the experiment (i.e., the strong environmental effect of year and the truncation of the scale in the lower range).
Estimates of realized h2 after the first few cycles gave approximately the same results as REML estimates of variance components. However, the former method could not detect any progress in selection after 4 yr. Using mixed model methodology, a genetic trend appeared that was not detected otherwise. The animal model applied in this study has its main strengths in the fact that all pedigree information can be included in the model, and the fixed effects are properly corrected for if the appropriate model is used. The problem of scale of measurement was probably somewhat compensated for by the information about the pedigree and phenotypic values of related animals.
Although not available at the outset of this experiment, BLUP has now become an attainable tool of analysis. Blair and Pollak (1984) argue that BLUP values from animal models may be used to analyze realized response in selection experiments and sometimes in practical breeding schemes. Thompson and Cameron (1986) . referring to Thompson (1986) , criticize Blair and Pollak's proposition of using BLUP in experiments with one selection line without a control line for assessing realized h2. We suppose that Thompson's criticism does not seriously affect divergent selection experiments. In view of Kennedy's (1990) discussion, we believe that our approach is feasible as far as the question of analysis with or without a control line is concerned. Blair and Pollak (1984) estimated fixed effects in selection and control lines independently as a check on whether the input h2 before BLUP analysis is correct. This check was not done in this study.
The problem in our case may be that the strictly additive genetic model is not correct. Although no major gene effect was found in our analysis, it can not be ruled out, and dominance or other effects may invalidate the model. One important assumption for this model is that an additive model holds for the trait under selection. Presence of dominance and genotype x environment interaction also might be in conflict with the assumptions for the animal model used (Sorensen and Kennedy, 1986) , The occurrence of a major gene controlling the antibody response to DIF could explain the line differences established early in this study. The phenotypic variance seen within each line in the following years could then be attributed to that major gene and genes of minor effect. The genetic trend observed, which only reveals a minor increase in difference between the lines from yr 2 to 12, could support the view that a major gene is involved. A dominant immune response gene controlling anti-DIF response has been suggested in humans (McMichael et al., 1977) . and backcrosses between homozygous Biozzi mice have shown a dominant allele for high response (Biozzi et al., 1979a) . The results from the calculation of MGI indicate that no major gene was of any crucial importance in this study. However, it could be argued that the fact that no dams had a phenotypic value biased the midparent genetic value strongly against the value of the offspring, thus there were limitations in the material with respect to this method. It can not be ruled out that there might be major gene effects.
As the prediction of breeding values relies on the REML estimate of h2, the accuracy of the h2 estimate would be crucial. No well defined method of estimating the error of this estimate was available to us. Until these methods are developed we do not know how good the estimates from the mixed-model analysis were.
Mixed-model estimation seems to be quite robust against violations of assumptions. It provides better estimates in a selection model than ordinary least squares methods. Shortterm selection experiments are best analyzed by the use of RFML and BLUP (Sorensen and Kennedy, 1986) . In the present study, the animal model analysis was an invaluable tool for detecting the genetic trend in the selection. The emergence of a difference between the lines still after secondary immunization also suggests that the differences between the lines increased during selection.
Implications
Selection for antibody response to diphtheria toxoid was performed in Norwegian dairy goats, and high and low responder lines were established. The difference between the lines was very modest even after 12 yr of selection, so the antibody response to diphtheria toxoid is not useful as a single immunological marker trait in goats. The experiment showed a major effect of environment on the antibody response, and mixed-model procedures should be used for analysis of selection experiments of this kind. These models should consider possible effects of major genes, because these are probably of importance in the control of the immune response.
